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Introduction
In glassy and crystalline phosphates the basic building blocks are PO4 tetrahedra. sp3 hybridization of the P outer electronic orbitals (3s2)(3p3) gives rise to the directional 0-bonding between the P and 0 in a PO4 unit. The remaining electron of P is promoted to 3d orbital, resulting in a dn-pn bonding between P and 0. In pure P205 the PO4 tetrahedra are connected by sharing up to three oxygen atoms (bridging 0) to form a 3-D network. The ncharacter associated with the P=O (nonbridging 0) double bond is energetically unbalanced and there is a strong tendency to break up the cross-linking network. Pure g-or c-P205 are extremely hygroscopic and volatile. By incorporating counter cations (network modifier such as H, alkali, alkali-earth or transition metals) to create additional nonbridging 0 quickly improves the stability. The principal connectivity of the PO4 tetrahedra transforms from 3-D networking (ultra-) to chain-like (meta-) to dimer-like (pyro-) to isolated (ortho-) configuration. Bulk ultra-, meta-, and pyrophosphate glasses containing a great variety of metal actions can be prepared by melt quenching or sol-gel processing methods.
The influence of the oxidation states, ionic sizes, electronic and magnetic properties of the metal cations on the chemical and structural properties of phosphate glasses is enormous.
In additional to modification of the polymeric structure of the PO4 chains, the metal cations may promote and/or activate certain reactions such as nucleation of crystalline grains or luminescence. These complex phenomena imply numerous opportunities in development of novel materials and devices for technological applications provided an understanding of the systematics and physical origins of such behavior is established so as to guide the development efforts. In fact, industrial investments in phosphate glasses as compared to the silicate analogue have been limited due to the concerns of cost and chemical instability of the parent materials. Only until recently the technological importance of phosphate glasses and glassceramics is recognized.[l-251 Table 1 lists some areas of interests and potential applications of phosphate glasses. The advancement of the field is in part due to the availability of better experimental methods for characterization such as the high-performance liquid chromatography. [26] Neutron scattering permits the measurements of the static and dynamic structure factors from which important information regarding the structure and dynamics of a glassy or crystalline systems can be obtained. Here we report recent neutron studies of glassy Na20*P20~, PbO*P205 systems over the ultra-to pyro-composition range and a Pb-Sc-P-0 glass. We aimed at a characterization of the short-, intermediate-, and extended-range order structures as the composition changes from ultra-to pyrophosphate. The Pb-Sc-P-0 glass features many desirable optical properties and the present study reveals the short-tointermediate range order structure of Sc-0 correlation.
Experimental
Anhydrous (Na20)x(P205)1~0-x [x = 0, 10, 20 (ultraphosphates) ; and x = 50 (metaphosphate)] glasses were prepared at Argonne National Laboratory using procedures described elsewhere.
[27] Results of chemical analysis of Na and P by atomic absorption spectrochemical and ICP emission spectrophotometric methods showed that the batched composition was retained within an uncertainty of 1 mol% after melting. The 
3
. experiments were carried out using the Glass, Liquid and Amorphous Diffiactometer (GLAD) and the High-and Low-Resolution Medium-Energy Chopper Spectrometers (HRMECS and LRMECS) at the Intense Pulsed Neutron Source (IPNS) of Argonne National Laboratory. The capabilities and operation of these instruments have been described in detail previously [29, 30] so they are not repeated here. To assist data interpretation, we also performed neutron measurements on a (PbO)j6*2(P205)43 8 glass (prepared at Argonne) and a Pb2P207 polycrystalline sample (prepared at Oak Ridge).
Results and Discussion
3.1 (Na2O)~(p205)100-~ glasses order can be identified with Q > 3, 1 < Q < 3, and Q < 1 A-1, respectively. The almost identical S(Q) for Q beyond -3.5 A-1 in a11 compositions, as shown in Fig. 1 , indicates that addition of the Naf modifier to g-P2O5 has little effect on the SR order. But drastic changes of 4 the MR structure can be seen from the replacement of the two peaks of g-P2O5 by a single peak for 20 mol% Na20 glass at 1.60 A-1, which corresponds to a correlation length of 3. 7 A.
This indicates that the MR order structure characteristic to that of a P4Olo molecule in the g-P2O5 is broken down into smaller units by the modifier cations. As the composition of Na20 changes from 20 to 50 mol%, the MR order peak shifts to higher Q, indicating further destruction of the PO4 linkage. Furthermore, a new peak arises at 1. significantly by the addition of Na+ modifier. A large portion of the P-0-P links between adjacent PO4 units are interrupted by 0-Na-0 bonding, resulting in a new MR order. The exceedingly broad phonon bands reflect a broad distribution of P-0-P and 0-Na-0 coordination in the MR (a length scale of 2 -6 A). At the metaphosphate composition (Fig.   2d ), the features in the PDOS sharpen, revealing a v(P=O) peak at 158.5 meV, a v,,,(O-P-0) band in the 120-150 meV region, and new peaks at 11 1, 93, 67 meV. This is consistent with the appearance of a new ER order as suggested by the diffraction data -the structure consists of mainly a random packing of comer-sharing PO4 chains intervened by Na+ ions.
Although it is difficult to compare the PDOS with Raman and infrared spectra for the The PDOS of the Pb-Sc-P-0 glass is given in Fig. 3d . It is similar to the PDOS of the lead pyrophosphate glass but the features are better resolved by the HRMECS instrument.
Summary
We have applied the methods of neutron diffraction and inelastic scattering to investigate the structural changes of phosphate glasses induced by adding framework modifier cations. In both the ultra-to-metaphosphate (Na20 )x(p205)1 O O -~ and the meta-to-pyrophosphate 
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Preparation temperature L O W~ Sn-Pb-F-P-0 glass: T, = 1 OO"C [25] g-Pb-In-1'-0 glass: ' l.,,, = <)OO"C, 'TP = 800"-900"C, T, = 436", T, = 459"C [6] Injection moldable glass-polymer melt blends[3,4] Castable lenses and optical elements [5] Chemical durability
Thermal expansion
Poor for ultraphosphate glasses, but can be strengthen drastically by incorporation of modifier oxides High.
alkali-alkaline earth P-glasses: 10-20 X 10-6/"C [9] AgI-Ag20-P205 glasses: 10-3 -10-2 Q-Icm-l [ 15, 191 Hydrolyzed, non-misting surface [20] Nuclear waste storage media [7, 8] Glass-to-metal seals 
